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A B S T R A C T

The aim of the work was to evaluate novel biomixtures for their use on biopurification systems (BPS) in
Argentina also called biobeds. Glyphosate and aminomethylphosphonic acid (AMPA) degradation was evaluated
on biomixtures containing local materials: alfalfa straw (As), wheat stubble (Ws), river waste (Rw) and soil.
Glyphosate, AMPA concentrations and biological activity were followed with time. Soil was used as control.
Glyphosate initial concentration was 1000mg kg−1. Glyphosate disappeared almost completely after 63 days in
all tested biomixtures. For Ws, WsRw and AsRw glyphosate degradation was around 99% and for As 85%. The
biomixture Ws showed the highest glyphosate degradation rate. In all cases AMPA was formed and degraded to
concentrations between 60 and 100mg kg−1. In the control with only soil, glyphosate was degraded 53% and
AMPA concentration at the end of the test was 438mg kg−1. We conclude that alfalfa straw, wheat stubble and
river waste are local materials that can be used in the preparation of biomixtures since they showed higher
glyphosate degradation capacity and less AMPA accumulation compared to the soil alone. Also, the presence of
river waste did enhance the water retention capacity.

1. Introduction

Environmental contamination by pesticides may be caused from point
or diffuse sources. Diffuse contamination takes place during the applica-
tion of pesticides in the field, mainly due to runoff or drift losses. Point
source contamination occurs as a result of accidental spills at the place of
pesticide manipulation, during the filling of the spraying equipment or due
to the management of pesticides residues left outside and inside the tank.
Even when precautions are taken, there is a risk of potential ground and
surface water contamination (Castillo et al., 2008).

Biopurification systems (BPS), as biobeds and biofilters, are designed to
collect and decontaminate accidental spills or waste liquids with a high
concentration of pesticides and, therefore, avoid the contamination of sur-
face- and ground waters. BPS are low cost systems that basically consist of
waterproofed excavations or containers filled with a biologically active
matrix, called biomixture, and covered by a vegetal layer (Castillo et al.,
2008). The biomixture consists on soil, lignocellulosic materials and a hu-
mified organic substrate mixed at variable volumetric ratios. It has a high
microbial activity and it is the main component of the BPS, allowing the
retention and subsequent biological degradation of the pesticides. The ori-
ginal biomixture that was designed for the Swedish biobed (Torstensson and

Castillo, 1997) was made of wheat straw (rich in lignocellulose), soil and
peat. The straw allows the development of ligninolytic fungi that in turn
promote the enzymatic degradation of pesticides. The soil provides ad-
sorption capacity and acts as a source of pesticide-degrading bacteria. Peat
also contributes to pesticide adsorption, moisture control and the decrease
of pH that promotes the growth of fungi (Castillo and Torstensson, 2007).

In order to achieve a low cost and sustainable BPS, the composition
of the biomixture must be adapted according to the availability of
agricultural residues and local materials. For example, straw has been
replaced by sunflower, olive and vine crop residues (Karanasios et al.,
2010), bagasse (Roffignac et al., 2008) or oat husks, barley husks or
sawdust (Urrutia et al., 2013). Furthermore, an important challenge is
to find materials that can replace peat as it is a scarce and expensive
resource (Gao et al., 2015; Karas et al., 2015). Peat has been replaced
by different types of compost (Omirou et al., 2012; Karanasios et al.,
2010) or spent mushroom substrate (Gao et al., 2015).

In order to use the BPS in Argentina it is necessary to find biomixtures
based on locally available materials but that can still keep high degrada-
tion efficiencies. Once the crops are harvested, a significant amount of
“crop residues” are left and they are commonly called stubbles. The most
available lignocellulosic materials in Argentina are wheat stubble and
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alfalfa straw. In 2016, the total cereal production in Argentina was 67
million tons (of which about 80% corresponds to corn and wheat) and the
alfalfa forage and silage production reached 39 million tons according to
FAO 2016 (FAOSTAT, 2016). An alternative material to peat is river waste
that consists on plant residues accumulation under anaerobic conditions,
common in certain areas of the Paraná Delta River (Di Benedetto et al.,
2004) and that is currently used in flower production for the formulation
of substrates.

It has been demonstrated that several enzymes can act in pesticides
degradation in soil, such as phosphatases, hydrolases and carbox-
ylesterases (Tortella et al., 2012). In this sense the determination of
biological activities such as hydrolytic activity based on the Fluorescein
Diacetate activity (FDA) is one approach to monitor the potential effect
of pesticides in biological activities. FDA (3′,6′-diacetylfluorescein) has
been used to determine amounts of active fungi and bacteria since it is
hydrolyzed by a number of different enzymes, such as proteases, li-
pases, and esterases (Schnürer and Rosswall, 1982).

Glyphosate [N-(phosphonomethyl) glycine], a synthetic phospho-
nate compound with stable carbon-phosphorus (CeP) bond is the active
ingredient of broad spectrum post-emergent, and non-selective systemic
herbicide (Li et al., 2016). Glyphosate-based formulations have become
the dominant herbicides on a global scale (Cuhra et al., 2016). Recent
studies revealed that glyphosate occurs in soil, surface water, and
groundwater, and residues are found at all levels of the food chain, such
as drinking water, plants, animals, and even in humans (Milan et al.,
2018). Aminomethylphosphonic acid (AMPA) is a degradation product
resulting from phosphonate degradation (Wang et al., 2016). It can be a
metabolite of glyphosate microbial degradation in soils (Borggaard and
Gimsing, 2008). In a spatially wide occurrence study, Battaglin et al.
(2014) showed that glyphosate is detected without AMPA in only 2.3%
of 3732 water and sediment samplesand that AMPA is detected without
glyphosate in 17.9% of samples. AMPA is strongly adsorbed to soil
particles and moves with the particles towards the stream in rainfall
runoff. In urban areas, AMPA comes from phosphonates and glyphosate
in wastewater. AMPA is reported to be persistent in soils and sediments
(Grandcoin et al., 2017). Based on recent reports on potential chronic
side effects of glyphosate (Battaglin et al., 2014), the World Health
Organization reclassified the herbicide glyphosate as probably carci-
nogenic to humans in 2015 (WHO, 2015).

In Argentina the use of glyphosate pesticide increased from 1 mil-
lion liters in 1991 to 200 million liters in 2013 (Casafe, 2013; Binimelis
et al., 2009). The occurrence of glyphosate and AMPA have been re-
ported in the water and sediments of streams from rural and suburban
basins of our country (Argentina) within the provinces of Buenos Aires,
Santa Fe and Córdoba (Castro Berman et al., 2018).

In this context, the aim of this work was to evaluate glyphosate and
AMPA degradation employing different biomixtures prepared with
local materials (soil, alfalfa straw, wheat stubble and river waste).

Glyphosate degradation and the presence of its main metabolite AMPA
were followed with time. Biological activity, as fluorescein diacetate hy-
drolysis (FDA), was also followed. Soil alone was run as control.

2. Materials and methods

2.1. Biomixtures preparation

Biomixtures were prepared using an agricultural soil, two different
lignocellulosic materials (alfalfa straw or wheat stubble) and river
waste. Experiments were conducted using three independent replicates.
The soil was obtained from a field in the north of Santa Fe province,
Argentina (29° 42′ 59″ S and 60° 5′ 35″ W) with more than 20 years of
continuous soybean cultivation where glyphosate was applied. The
local soil acts as an inoculum of pesticide-adapted microbiological po-
pulations (De Wilde et al., 2007). The kind of soil according to its
taxonomy is aquic Argiudoll. Alfalfa straw and wheat stubble were
collected from the same field as the soil. River waste is a commercial

product (Santa Isabel S.A. vivarium), used for cultivation of plants.
Physicochemical properties of all components are shown in Tables 1–3.

Both glyphosate and AMPA concentrations were below the Limit of
Detection in all substrates (0.6 μg L−1 for both according the method
reported by Sasal et al., 2015). The soil was sieved (3mm), the stubble
and straw were cut into pieces of approximately 2–3 cm and the river
waste was used directly.

The biomixtures were prepared by mixing the components with a
shovel in the proportions shown in Table 4 and 15 L of biomixture were
placed in 30 L glass boxes (20 cm×30 cm×50 cm) (Fig. 1). Tem-
perature, pH and moisture (expressed as water weight/dry material
weight) were registered daily. Moisture was adjusted to 60–70% and
kept constant during the whole experiment by adding distilled water.
Moisture and pH measurements were performed with a garden meter
(TFA). Soil as the only component was run in parallel as control. The
moisture was adjusted at the same value range as recommended by
Castillo et al. (2008).

After preparation the biomixtures were maturated for 50 days before
the addition of glyphosate according to the recommendation of previous
studies (Castillo et al., 2008; Roffignac et al., 2008; Karanasios et al., 2012;
Góngora-Echeverría et al., 2017). The commercial glyphosate formulation
Eskoba®was sprayed over the surface of the biomixtures and soil alone at a
concentration of 1000mg glyphosate kg−1 dry biomixture. This high
concentration value selected is related to the residues produced in the area
(mainly rinsing water of commercial containers and water belonging from
spray tank washing (De Wilde et al., 2007).

The experience was performed for 63 days and samples were taken
immediately after glyphosate application (day 0) and after 10, 16, 25,
43 and 63 days. The experience time up to 63 days was chosen taking
into account the half-life of glyphosate in soil and according previous
studies of glyphosate degradation in biomixtures (Roffignac et al.,
2008; Góngora-Echeverría et al., 2017); a typical field half-life of 47
days has been suggested (Lawrence, 2002).

Each sample was a composite of several subsamples taken at dif-
ferent positions of the biobed employing a soil sampler and was

Table 1
Soil physicochemical properties.

Parameter Soil

Granulometry (%) Sand 6.4; Silt 66.6; Clay 27.0
C (g kg−1) 19.7
Organic matter ((g kg−1)) 34.0
P (mg L−1) 0.023
Actual density (g cm−3) 2.67
Porosity (%) 70.7
pHa 5.96
Ashes ((mg kg−1)) 948.
Kb (mg kg−1) 462.7
Cab (mg kg−1) 184.9
Mgb (mg kg−1) 84.4
Nab (mg kg−1) 10.4
N (g kg−1) 1.53
C/N Ratio 12.9

a Determined in a mixture of air-dried soil and deionized water (1:2.5 w/v).
b Values corresponding to total content.

Table 2
Physicochemical properties of the lignocellulosic materials.

Parameter Alfalfa straw Wheat stubble

Organic matter (%) 79.5 82.2
Dry material (%) 89.6 91.3
Ashes (%) 10.1 9.1
Raw or crude fiber (%) 23.6 38.4
P (%) 0.4 Not detected
N (%) 2.3 0.46
Density (g cm−3) 0.08 0.06
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analyzed in triplicate. At each sampling occasion the concentration of
glyphosate and AMPA was determined and the evolution of biological
activity as a function of time was followed. In addition the community
of yeast, fungi and total viable mesophilic bacteria was estimated at the
beginning and at end of the experiment. When necessary, moisture
content was restored spraying distilled water on the biomixtures.

2.2. Chemicals

The following chemicals were used: commercial glyphosate for-
mulation, N-phosphonomethylglycine salt 35.6% as acid, active com-
pound (Eskoba®, Red Surcos, Argentina); p-toluensulphonil chloride
(Sigma Aldrich); AMPA and glyphosate standards (Sigma Aldrich);
fluorescein diacetate (Sigma, Sigma Aldrich), fluorescein sodium salt
(Fluka, Sigma Aldrich) and acetone (Merck). All other chemicals were
purchased from Cicarelli. For estimation of bacteria and yeast and fungi
community, Nutritive Agar (NA, Britania) and Fungi and Yeast (H y L,
Britania) medium culture were used and meat peptone (Merck) was
used for all dilutions.

2.3. Glyphosate and AMPA analysis

Glyphosate and AMPA extraction was carried out as follows: 20mL
of 0.1M KH2PO4 was added to 10 g of air dried and milled sample in a
50mL centrifuge tube and vigorously mixed by hand and shaken at
250 rpm for 1 h in an orbital shaker. Afterwards the sample was soni-
cated for 1 h and centrifuged for 40min at 2190g and the supernatant
was filtered through 0.45 μm nylon syringe filters. The derivatization
procedure, based on Kawai and Uno (1991), with slight modifications,
was carried out employing p-toluene sulphonyl chloride (TsCl): 500 μL
of phosphate buffer (pH 11) and 200 μL of the derivatizing agent were
added to 1mL of sample and then heated to 50 °C for 5min. The ob-
tained sample was analyzed by HPLC/UV Waters® equipped with a C-18
column (X-Terra® RP). Phosphate buffer (NaH2PO4 0.2 M; pH=2.3) –
acetonitrile (85:15 v/v) was used as the mobile phase. The analysis was
performed at a wavelength of 240 nm. A calibration curve was per-
formed, being the linear range 10–80mg L−1, and LOD=10mg L−1

(AMPA and glyphosate) AMPA and glyphosate recoveries values ranged
from 70 to 80%.

2.4. Determination of biological activity

Total (hydrolytic) microbial activity in all degradation assays was
measured through the fluorescein diacetate hydrolysis (FDA). FDA
method was performed according to Schnürer and Rosswall (1982),
including some adaptations. The method consists in adding 6mL of a
60mM potassium phosphate buffer solution (pH=7.6) in the presence
of FDA to 1 g of an air dried biomixture placed in 10mL tubes. A blank
was made with each biomixture without FDA substrate. The samples
were shaken and incubated at 25 °C for 60min. After the incubation,
6mL of acetone was added to all tubes to stop the reaction. Subse-
quently, the samples were centrifuged at 986g for 15min. The super-
natant was filtered through 0.45 Nylon filters. The absorbance was
measured at 490 nm in a Perkin Elmer® spectrophotometer. The fluor-
escein concentration released was calculated as reference to the cali-
bration curve performed with standard fluorescein solutions. The re-
sults were expressed as μg of fluorescein released per gram soil and time
(μg g−1 h−1).

2.5. Estimation of microbial community

For the estimation of microbial community, 10 g of fresh sample was
used. It was suspended in peptone (0.1%) and serial dilutions (in du-
plicate) were made when necessary for bacteria and fungi estimation.
NA was used as culture media for bacteria and HyL for yeast and fungi.
The samples were analyzed in duplicate. Petri dishes were incubated at
30 °C for 24 h and 7 days for bacteria/yeast and fungi community count
respectively. The plate count method was used and the UFC g−1 were
estimated (Bórtoli et al., 2012; Ratcliff et al., 2006).

Table 3
Physicochemical properties of the river waste.

Parameter River waste

Organic matter (%) 18.2
C dry base (%) 10.6
pH (1:2,5) 4.2
Actual density dry base (g cm−3) 1.83
Apparent density dry base (g cm−3) 0.39
Moisture (%) 19.7
Ashes (%) 71.9
P dry base (mg L−1) 8.47
N (%) 0.57
C/N Ratio 18.6

Table 4
Biomixtures composition.

Soil
(%)

Alfalfa Straw (As)
(%)

Wheat stubble (Ws)
(%)

River waste (Rw)
(%)

As 50 50 – –
AsRw 25 50 – 25
Ws 50 – 50 –
WsRw 25 – 50 25

Fig. 1. Biobeds at laboratory scale.
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2.6. Statistical analysis data

Experiments were conducted using three independent replicates.
Data were subjected to analysis of variance (one-way ANOVA and
multifactorial ANOVA) and the averages were compared by Duncan
multiple range test at 95% confidence level.

3. Results and discussion

3.1. Degradation studies

Fig. 2 shows that at 16 days of the experiment, the biomixture Ws
reached 70% of glyphosate degradation. At 43 days, all biomixtures
evaluated increased up to values of 60% for glyphosate degradation. In
addition, glyphosate disappeared almost completely after 63 days in all
tested biomixtures with the exception of As (approximately 85%), being
Ws, the one which faster degradation rate. Biomixtures WsRw and
AsRw also show high degradation rate. In the control with only soil, the
degradation rate was lower and glyphosate was degraded 53% after 63
days. In order to reinforce the obtained results, the effect of days and
biomixtures on glyphosate degradation was checked through factorial
ANOVA test. Taking “days” and “biomixtures” as factors, since P-values
obtained for biomixtures and days were less than 0.05 both factors have
a statistically significant effect on the response “glyphosate degrada-
tion” at the 95.0% confidence level. Then the averages for the factor
“biomixtures” and “days” were compared by Duncan multiple range
test at the 95.0% confidence level.

The results showed that for the factor “days” there are five homo-
genous groups statically different. All averages for “days” were dif-
ferent. On the other hand it can be seen that for the factor “bio-
mixtures” there are three homogenous groups statically different (S),
(As-WsRw-AsRw) and (Ws). According to this results glyphosate de-
gradation was significantly higher in Ws when compared with S, As,
WsRw and AsRw. In addition, glyphosate degradation was significantly
lower in S when compared with As, WsRw, AsRw and Ws. Biomixtures
As, WsRw, AsRw has no statically differences but they had glyphosate
degradation values between S and Ws.

Glyphosate half-life time (DT50) was estimated by applying a loga-
rithmic regression among glyphosate concentration vs. time. DT50 of
7.5, 13, 12 and 22 days were observed for Ws, WsRw, AsRw and As
respectively being As the one with the highest half time (Table 5). In a
biomixture the lignocellulosic material promotes the pesticide-de-
grading activity of lignin-degrading fungi. The wheat stubble has more
raw fiber than alfalfa straw, see Table 2. Raw fiber level is related to

cellulose and lignin content; therefore, the biomixtures with wheat
stubble could have more activity from lignin degrading fungi (such as
white rot fungi), which produce phenoloxidases (peroxidases and lac-
cases). The broad specificity of these enzymes makes them suitable for
degradation of mixtures of different pesticides (Castillo et al., 2008;
Karanasios et al., 2012). On the other hand, the lower half-life corre-
sponding to AsRw in comparison with As could be due to the different
microorganism species present in the river waste.

These results are similar to those found in the few published works
that reported degradation of glyphosate in biomixtures. Góngora-
Echeverría et al. (2017), tested the degradation of five pesticides (2,4-D,
atrazine, carbofuran, diazinon and glyphosate) in biobeds systems using
agricultural soil and substrates from southeastern Mexico. The bio-
mixtures were efficient in degradation (> 99%) the pesticides in a short
time, particularly glyphosate (initial concentration 360mg L−1), which
was almost completely dissipated after 20 days. Roffignac et al. (2008),
verified the degradation of glyphosate, malathion and lambda-cyhalo-
thrin in a mixture of soil and bagasse. In their work, an initial gly-
phosate concentration of 295mg kg−1 was used and 99% degradation
was reached after 3 months, with a DT50 value of 33 days.

A wide variety of soil microorganisms, including bacteria, actino-
mycetes, fungi and unidentified microorganisms, can degrade glypho-
sate (Borggaard and Gimsing, 2008). Glyphosate can be degraded
through two main pathways: one that leads to the intermediate for-
mation of sarcosine and glycine, and the other that leads to the for-
mation of AMPA (Dick and Quinn, 1995; Borggaard and Gimsing,
2008). AMPA is cleaved to produce inorganic phosphate and methyla-
mine, which is ultimately mineralized to CO2 and NH3. AMPA is often
detected in soils that have received glyphosate. On the other hand,
sarcosine, has not been detected in soil, which has been attributed to its
fast degradation (Borggaard and Gimsing, 2008). In the biomixtures the
growth of white rot fungi is favored by the addition of materials rich in
lignin. The production of fungal ligninolytic enzymes is promoted,

Fig. 2. Glyphosate degradation (%) in different bio-
mixtures and soil throughout the experience. Each
value is the mean of three replicates, and the errors
bars show the standard deviation of the mean.
Different letters refer to significant differences be-
tween glyphosate degradation means (%) taking into
account the factor “biomixtures” with Duncan test
(p < 0.05).

Table 5
Glyphosate half-life time (DT50) and AMPA concentration (mg kg −1) after 63
days after glyphosate addition.

Substrate Glyphosate DT50 (days) Residual AMPA concentration (mg kg −1)

Ws 7.5 99 ± 10
WsRw 13 97 ± 11
As 22 66 ± 10
AsRw 12 68 ± 10
Soil 32 438 ± 15
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which correlates with the degradation of pesticides (Castillo and
Torstensson, 2007). Pizzul et al. (2009) found an equal stoichiometry
between AMPA formed and glyphosate degraded by the ligninolytic
enzymes manganese peroxidase and laccase. Therefore in the present
study only AMPA was analyzed. Peaks of this metabolite were observed
in Fig. 3 during the first half of the experiment in all biomixtures and it
was further degraded to concentrations between 60 and 100mg kg−1

(Table 5). The maximum formation of AMPA in the biomixtures occurs
at 16 days being As and AsRw the biomixtures with the lower genera-
tion of AMPA. This condition is related to lower glyphosate degradation
in the same biomixtures (see Figs. 2 and 3).

In the control with only soil, glyphosate was degraded 53%. AMPA
levels of 1100mg kg−1 were detected after 23 days and at the end of
the experiment the concentration of AMPA decreased to 438mg kg−1.
These are important results since AMPA is more persistent than gly-
phosate to the biological degradation in soils, since AMPA is strongly
sorbed by soils through the phosphonate group and protected against
further microbial degradation (Borggaard and Gimsing, 2008) and
many works have been published on its accumulation in soil and water
(Mamy et al., 2010; Souza et al., 2006). The AMPA molecule accumu-
lates in the soil since its generation is faster than its degradation
(Simonsen et al., 2008). The same behavior is observed in the bio-
mixtures studied by Roffignac et al. (2008) and in the present study.

In our study, we observed that the biomixtures containing river
waste lost less water i.e. presented a better capacity to maintain a
constant moisture content (Table S1). The water content is important
for the biological activity in the biomixture and should be high enough
to promote microbial processes and solubilization of pesticides but still
leave enough pore space for oxygen to support aerobic processes
(Castillo et al., 2008). Regulating the moisture content in farm BPS may
be a laborious task for the farmers and therefore it is useful to have a
material with good moisture retention capacity.

3.2. Biological activity

The number of total viable mesophilic bacteria (around 107 CFU g
biomixture −1) and yeast and fungi (around 105 CFU g biomixture−1)
did not vary significantly during the experiment (Table S2). These va-
lues suggest that glyphosate application did not significantly modify
bacterial or fungi and yeast community, although no information was
obtained on the incidence of some species through their identification.

In order to reinforce the obtained results, the effect of “days” on
CFU g−1 for both bacteria and fungi was checked through one way
ANOVA test. Taking “days” as a factor, since P-values obtained for each
biomixture were greater than 0.05, the factor “days” has no statistically
significant effect on the response “CFU g−1” at the 95.0% confidence
level.

Fig. 4 shows the initial and accumulated fluorescein hydrolytic ac-
tivity (FDA) after 25 and 63 days. The effect of “days” and “bio-
mixtures” on FDA activity was checked through multifactorial ANOVA
test. Taking “days” and “biomixtures” as factors, since P-values of each
factor were less than 0.05, both factors have a statistically significant
effect on the response “FDA activity” at the 95.0% confidence level.
Then the averages for the factor “biomixtures” were compared by
Duncan multiple range test at the 95.0% confidence level.

The results showed that there are two homogenous groups (AsRw-S)
and (As-WsRw-Ws) statically different. The addition of other materials
to the soil enhanced FDA activity with the exception of biomixture
AsRw, which showed an activity similar to the soil.

Even though AsRw and soil showed similar FDA activity, transfor-
mation of glyphosate was much higher in AsRw (Fig. 2), which in-
dicates that other enzymes not evaluated could be involved in gly-
phosate degradation. More comprehensive studies are needed to
determine the specific metabolic processes that were involved in the
degradation of glyphosate and AMPA in the tested biomixtures. For
example, fungal phenoloxidases are related to the degradation of gly-
phosate (Pizzul et al., 2009) and also lyases from bacterial origin may
be present and can metabolize phosphonates through the rupture of the
CeP bond, obtaining sarcosine as the intermediate in glyphosate de-
gradation (Bozzo de Brum, 2010; Obojska et al., 1999), a metabolite
that was not analyzed in this work.

4. Conclusions

All biomixtures showed higher glyphosate degradation capacity and
less AMPA accumulation compared to the soil alone, being Ws the
biomixture that present the highest glyphosate degradation rate. In
addition, river waste is an alternative material to replace peat in biobed
since it did enhance the water retention capacity. It can be concluded
that alfalfa straw, wheat stubble and river waste are local materials that
can be used in the preparation of biomixtures for pesticide degradation
in BPS.

Fig. 3. AMPA concentration in biomixtures and soil. Each value is the mean of three replicates, and the errors bars show the standard deviation of the mean.
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